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Introduction {#sec001}
============

Obesity, diabetes, and associated metabolic sequelae are widespread and thus, additional therapeutic strategies are needed. A variety of studies indicate that a consistent exercise regimen, combined with a healthy diet, is an effective therapy \[[@pone.0152129.ref001]--[@pone.0152129.ref004]\]. Unfortunately, numerous factors limit the utility of this strategy. For instance, exercise is often physiologically and psychologically strenuous, and hectic modern life is not conducive to the long-term commitment needed to improve obesity and diabetes and their clinical outcomes \[[@pone.0152129.ref005]\]. Therefore, elucidation of the molecular mechanisms that underlie the benefits of exercise may lead to treatment strategies for obesity, diabetes, and associated metabolic sequelae.

Exercise increases energy expenditure, reduces fat mass and can genetically alter adipose tissue \[[@pone.0152129.ref006]--[@pone.0152129.ref010]\]. Adipose tissues are highly plastic, capable of robust expansion and contraction depending on external cues such as exercise, nutrient availability and hormone levels \[[@pone.0152129.ref011], [@pone.0152129.ref012]\]. The flexibility of adipose tissue mass is derived from changes in the size of existing adipocytes and changes in the rate of new adipocyte formation, which derive from adipose progenitors/stem cells \[[@pone.0152129.ref012], [@pone.0152129.ref013]\]. Adipose progenitors reside in a therapeutically accessible perivascular niche where they proliferate and differentiate in response to various signals \[[@pone.0152129.ref013], [@pone.0152129.ref014]\]. For example, high-fat diet (HFD) stimulates adipose stem cells to differentiate into adipocytes \[[@pone.0152129.ref015]\]. In contrast, exercise is thought to reduce progenitor adipogenic potential \[[@pone.0152129.ref016]\]. Despite a role for adipose progenitors in adipose tissue homeostasis and environmental responses, how exercise alters adipose progenitor cell dynamics---proliferation, quantity, quiescence and differentiation---is not fully understood.

One tissue that is particularly responsive to exercise is skeletal muscle. Indeed, exercise training activates signaling and metabolic pathways in skeletal muscle that improve exercise performance and potentially protect against obesity \[[@pone.0152129.ref017]\]. Muscle responds to exercise by remodeling the content of myosin, the contractile unit of the muscle fiber, and increasing the number of mitochondria \[[@pone.0152129.ref018]\]. This remodeling leads to a switch in muscle fiber-type, preferentially expressing type I myofibers (slow twitch, aerobic) attuned to fatty acid oxidation rather than type II (fast twitch, anaerobic) glycolytic myofibers that are more susceptible to exercise fatigue \[[@pone.0152129.ref018]--[@pone.0152129.ref020]\]. This change alters energy substrate utilization, thereby reducing muscle fatigue and wasting. Evidence suggests that skeletal muscle remodeling improves systemic energy homeostasis through release of soluble factors that signal to distal tissues, such as the brain and adipose tissue \[[@pone.0152129.ref021]\]. Elucidation of the mechanisms through which exercise and skeletal muscle regulate adipose tissue mass/function may help combat obesity and associated metabolic dysfunctions.

Here we examined the effect of exercise and skeletal muscle fiber-type switching on the ability of adipose progenitor cells to proliferate and differentiate into mature adipocytes. We found that exercise induces adipose tissue remodeling: decreasing adipose progenitor proliferation and blunting adipogenic potential. We also show that adipose progenitors are responsive to not only exercise but to the levels of type I (slow) skeletal muscle fibers. Mechanistically, we provide evidence that secreted factors from type I myofibers reduces adipose progenitor differentiation. These data support a model where exercise induces skeletal muscle fiber-type switching, which alters adipose progenitor cell dynamics through systemic factors.

Material and Methods {#sec002}
====================

Mice {#sec003}
----

The PPARγ-tTA, TRE-Cre, TRE-H2B-GFP, miR-499 Tg, MCK-Cre and *Sox6*^*fl/fl*^ mice were described previously and used to generate AdipoTrak or muscle-specific mouse lines \[[@pone.0152129.ref014], [@pone.0152129.ref022], [@pone.0152129.ref023]\]. Mice were fed either normal (4% fat, Teklad) or high fat (60%, Research Diets) chow and kept on normal 12-hour light/dark cycles with water and food provided *ad libitum*. Fat content was measured using a minispec mq10 NMR Analyzer (Bruker). For glucose tolerance tests (GTTs), 1.25mg glucose/1g mouse weight was injected intraperitoneally (IP) after a 5-hour fast and blood glucose levels were measured at the indicated intervals for up to two hours as described \[[@pone.0152129.ref024]\]. Veterinary care was provided by the Division of Comparative Medicine. All animals were maintained under the guidelines of the UT Southwestern Medical Center Animal Care and Use Committee according to current NIH guidelines. The animal research performed in this study was approved by the UTSW Medical Center Animal Care Use Committee.

Metabolic Chamber Studies {#sec004}
-------------------------

Physical activity and energy expenditure were monitored using a combined indirect calorimetry system (TSE Systems GmbH, Bad Homburg, Germany) \[[@pone.0152129.ref025]\]. Mice were housed individually at room temperature (22°C) under an alternating 12-hour light/dark cycle. Mice were acclimated for five days in a chamber prior to data acquisition, which included heat generation, oxygen consumption and carbon dioxide production.

Voluntary Wheel Running {#sec005}
-----------------------

Mice were individually housed in cages equipped with a running wheel and allowed to run *ad libitum*. Running was recorded using a Dataquest Acquisition and Analysis System (Data Sciences International) for up to two months. Mice were fed normal (4% fat, Teklad) chow and kept on normal 12-hour light/dark cycles with water and food provided *ad libitum* \[[@pone.0152129.ref026]\].

RNA Extractions and Real-Time PCR {#sec006}
---------------------------------

Total RNA from adipose tissue, muscle tissue and various cells was extracted using TRIzol (Invitrogen). Briefly, tissue and cells were disrupted in TRIzol and then chloroform was added to separate nucleic acids from protein. This was centrifuged, with the resultant aqueous layer being mixed with isopropanol to precipitate the RNA. The mixture is further centrifuged, with the RNA forming a pellet. This pellet is then washed in 75% EtOH, dried and resuspended in distilled water. The RNA is then DNaseI-treated for one hour at 37°C, with EDTA then being added to stop the reaction. To make cDNA, we incubated the RNA with random hexamers, dNTPs and Moloney Murine Leukemia Virus Reverse Transcriptase as described \[[@pone.0152129.ref024]\]. Gene expression was analyzed using 7500 Real-Time PCR System (Applied Biosystems) using SYBR Green Master Mix reagent (Applied Biosystems). The values for gene expression were normalized by beta-actin expression.

Isolation of Adipose Progenitor Cells and Adipocytes {#sec007}
----------------------------------------------------

Floating adipocytes and stromal vascular fraction (SVF) cells were isolated from explanted adipose depots as described \[[@pone.0152129.ref014]\]. Briefly, SVF cells were isolated from pooled white adipose depots (inguinal and interscapular depots) that were explanted and minced into fine pieces. The adipose pieces were then digested in adipocyte isolation buffer (100mM HEPES pH 7.4, 120mM NaCl, 50mM KCl, 5mM glucose, 1mM CaCl~2~, 1.5% BSA) containing 1mg/ml of type I collagenase (Worthington) at 37°C for 2 hours. The suspension was then passed through a 210μm mesh to remove undigested clumps and debris. The effluent was centrifuged at 500g for 10 minutes, with the SVF pelleting to the bottom and adipocytes forming a top layer. The adipocytes were removed from the top layer for either RNA or nuclei isolation. The SVF pellet was then resuspended in 155mM NH~4~Cl erythrocyte lysis buffer, and filtered through 30μm mesh. This was then centrifuged at 500g for 10 minutes and the pellet washed with PBS. The resultant isolated cells were subjected to FACS, RNA isolation, or plated in cell culture vessels.

Adipocyte Nuclei Isolation {#sec008}
--------------------------

This procedure was performed as previously described \[[@pone.0152129.ref014]\]. Briefly, the adipocytes were isolated as described above and then resuspended in cold nuclei extraction buffer (320mM sucrose, 5mM MgCl~2~, 10mM HEPES, 1% Triton-X at pH7.4). The cells were vortexed gently for 10 seconds and incubated on ice for 15 minutes. Nuclei were pelleted at 2000xg, and washed twice with nuclei wash buffer (320mM sucrose, 5mM MgCl~2~, 10mM HEPES at pH7.4). Nuclei were then either prepared for FACS analysis or stained for BrdU.

BrdU Staining {#sec009}
-------------

BrdU was either given in drinking water (0.05% BrdU, 0.1% Splenda) for two or seven days prior to analysis or injected intraperitoneally (50mg/kg body weight) and examined two hours later. For *in vitro* studies, BrdU was given 12 hours prior to analysis at a final concentration of 10μM. BrdU was analyzed using a BrdU staining kit (BD Biosciences) following manufacturer's protocol. Briefly, cells or nuclei were fixed, permeabilized, DNase-treated and stained with anti-BrdU antibody. The cells/nuclei were stained with APC-conjugated secondary antibody, then with propidium iodide (PI) for DNA and analyzed using FACS. PI staining was used to distinguish cells from cell debris.

SVF Culture {#sec010}
-----------

The SVF cells were cultured in Dulbecco\'s Modified Eagle Media (DMEM) with 10% FBS, 100units/ml penicillin and 100μg/ml streptomycin. For adipogenic induction, confluent wells were maintained in growth media supplemented with 1μg/ml insulin for at least three days. Oil Red O (0.5% in isopropanol) staining was performed as described \[[@pone.0152129.ref027]\]. Briefly, cells were fixed in 4% paraformaldehyde, washed, and then incubated in Oil Red O working solution (four parts water mixed with six parts Oil Red O) for one hour at room temperature. Cells are then washed and analyzed through light microscopy.

Conditioned Media {#sec011}
-----------------

C2C12 cells (purchased from ATCC) were incubated in growth medium (DMEM, 10% FBS, 100units/ml penicillin and 100μg/ml streptomycin). When confluent, C2C12 cells were placed in differentiation media (DMEM, 2% horse serum, 100units/ml penicillin and 100μg/ml streptomycin) and allowed to differentiate for 3 days. Conditioned media was collected from undifferentiated cells (myoblast conditioned media) and differentiated cells (myotube conditioned media), spun at 1500g to remove dead cells, supplemented with 1μg/mL insulin, and incubated on either SVF or 3T3-L1 cells (purchased from ATCC) until time of analysis. For the *ex vivo* muscle conditioned media, skeletal muscle was harvested from wild-type or mutant mice and placed on a Matrigel-coated 12-well plate. Growth media was then added to each well and conditioned media was collected two days after explant. Rspo3 and Fndc5 conditioned media was generated by transfecting Cos cells with pcDNA3.1-empty, pcDNA3.1-Rspo3 or pcDNA3.1-Fndc5, and collecting media 24 hours after transfection. Rspo3 recombinant protein was purchased from R&D Systems.

Microarray Analysis {#sec012}
-------------------

Triplicate samples of pooled total RNA from skeletal muscle were analyzed on an Illumina MouseWG-6 v2.0 BeadChip as described previously \[[@pone.0152129.ref022]\]. Relative fold-change was calculated by comparison of signal intensities. Fold-changes greater or less than two were subject to gene ontology analysis (Ingenuity Systems) with a statistical threshold of P = 0.01.

Results {#sec013}
=======

Increased Caloric Intake Alters Adipose Progenitor Activity {#sec014}
-----------------------------------------------------------

To examine the response of adipose progenitor cells to physiological stimuli, we generated adipose-lineage GFP reporter mice (AdipoTrak-GFP) as previously reported \[[@pone.0152129.ref014], [@pone.0152129.ref028], [@pone.0152129.ref029]\]. Briefly, we crossed the PPARγ-tTA mouse line to the tet-response element (TRE)-H2B-GFP mouse strain to create PPARγ-tTA; TRE-H2B-GFP (AdipoTrak-GFP) mice. In this model, H2B-GFP is expressed in cells that express PPARγ, including both mature adipocytes and adipose progenitor cells. The production of H2B-GFP can be controlled with doxycycline (dox), where dox prevents the AdipoTrak expressed tTA from binding to the tet-response element, thus inhibiting H2B-GFP transcription. H2B-GFP is incorporated into chromatin during DNA replication, and therefore can be used as a proliferative indicator. Although H2B-GFP is stable in the nucleosome in a non-proliferative state, during proliferation the existing H2B-GFP is divided amongst its daughter cells. Thus, dox treatment prevents new H2B-GFP expression, which decreases GFP intensity of proliferative cells compared to cells that do not divide ([S1 Fig](#pone.0152129.s001){ref-type="supplementary-material"}).

We, and others, have shown that during normal adipose homeostasis mature adipocytes undergo apoptosis and get replaced by new adipocytes derived from the perivascular progenitor pool \[[@pone.0152129.ref012], [@pone.0152129.ref014], [@pone.0152129.ref030], [@pone.0152129.ref031]\]. Several studies indicate that high fat diet (60% fat, HFD) can increase the proliferation of the adipose depot stromal vascular fraction (SVF) that contains adipose stem cells/progenitors as well as various other cell types including endothelial cells and hematocytes \[[@pone.0152129.ref015], [@pone.0152129.ref032]--[@pone.0152129.ref037]\]. To investigate whether HFD alters adipose progenitor dynamics in our model, we provided AdipoTrak-GFP mice with HFD for eight weeks in the presence or absence of dox, and examined the persistence of GFP in both subcutaneous and visceral adipose depots. We analyzed the following groups of AdipoTrak-GFP mice: normal chow without dox (NC), normal chow with dox (NC+Dox), HFD without dox (HFD) and HFD with dox (HFD+Dox). As expected, the mice fed with HFD for two months exhibited increased body fat percentage and adipose depot mass compared to NC-fed mice, and the addition of doxycycline did not have a significant effect on these parameters ([S2A and S2B Fig](#pone.0152129.s002){ref-type="supplementary-material"}).

We next examined adipose depot explants by whole-mount microscopy for expression and intensity of GFP. Dox treatment decreased H2B-GFP expression even in the normal chow state, further supporting the notion that adipocytes turnover during homeostasis ([Fig 1A](#pone.0152129.g001){ref-type="fig"}). We observed a greater reduction of GFP in whole depots from HFD-fed dox-treated mice, suggesting that HFD increased progenitor proliferation and adipocyte turnover ([Fig 1A](#pone.0152129.g001){ref-type="fig"}). To determine if GFP is altered in adipose progenitors or mature adipocytes after dox treatment, we isolated adipocytes and SVF from subcutaneous depots (inguinal and interscapular) from each of the four groups of mice. The percentage of cells from the progenitor population was then determined by FACS analysis. While dox treatment decreased the percentage of GFP-positive (GFP+) progenitor cells found in the SVF of mice fed normal chow, the HFD stimulus further diluted the GFP+ pool ([Fig 1B](#pone.0152129.g001){ref-type="fig"}). These data suggest that HFD induces proliferation and differentiation of adipose progenitors.

![High Fat Diet Induces Adipose Progenitor Proliferation and Differentiation.\
(A) Fluorescent microscopy of inguinal (IWAT) and perigonadal (PGWAT) white adipose depots after two months of indicated treatment (NC: Normal chow diet, HFD: High fat diet). Two-second exposure used in order to visualize GFP in groups that received dox (+Dox). (B) Percentage of GFP-positive (GFP+) cells in the subcutaneous stromal vascular fraction (SVF) of mice two months after indicated treatments. (C) Percentage of GFP+ cells that are BrdU-positive (BrdU+) in the subcutaneous SVF of mice two months after indicated treatments. BrdU was given in the drinking water for two days prior to analysis. (D) Percentage of GFP+ nuclei in adipocyte fraction isolated from subcutaneous fat two months after indicated treatment. Representative studies on P120 males; n ≥ 12 per cohort, repeated ≥ 3 cohorts. Error bars indicate SEM. Statistical significance assessed by two-tailed Student's t-test. \*p\<0.05.](pone.0152129.g001){#pone.0152129.g001}

To test the cycling characteristics of adipose progenitors during HFD, we administered BrdU in the drinking water of normal chow or HFD AdipoTrak mice two days prior to sacrifice. FACS analyses of BrdU+ GFP+ progenitors revealed that HFD increased adipose progenitor proliferation ([Fig 1C](#pone.0152129.g001){ref-type="fig"}). We also analyzed GFP expression in the adipocyte fraction and found a significant decrease of GFP+ adipocytes in HFD+Dox mice, which indicates that HFD increases production/turnover of mature adipocytes ([Fig 1D](#pone.0152129.g001){ref-type="fig"}). Together, these studies are consistent with the idea that HFD feeding increases adipocyte turnover and activity of the progenitor population, and highlights the utility of using the AdipoTrak system to study progenitor and adipocyte regulation.

Exercise Reduces Adipose Progenitor Function {#sec015}
--------------------------------------------

We next exploited the AdipoTrak system to interrogate the effect of endurance exercise (wheel running) on the adipose lineage. To that end, we randomized two-month old AdipoTrak-GFP siblings into four groups: sedentary alone (Sed), sedentary plus dox (Sed+Dox), exercise alone (Ex) and exercise plus dox (Ex+Dox). Over 8 weeks, each group was given normal chow and those in the exercise groups were subjected to eight weeks of voluntary wheel running, after which the adipose tissue was analyzed for progenitor activity using similar assays to those described above. As expected, two months of *ad libitum* wheel running decreased body fat percentage, adipose depot size and mass ([S3A and S3B Fig](#pone.0152129.s003){ref-type="supplementary-material"}). The administration of dox water did not alter exercise or its effect on body fat ([S3A--S3C Fig](#pone.0152129.s003){ref-type="supplementary-material"}). To characterize the response of adipose tissue to exercise we evaluated adipose progenitor proliferation, differentiation, and mature adipocyte turnover by examining adipose depot explants for GFP expression. We found that exercised adipose depots, Ex+Dox, exhibited significantly increased GFP intensity compared to sedentary mice, Sed+Dox, which is the opposite to the HFD-feeding effect. These data support the notion that exercise alters adipose homeostasis either through a decrease in progenitor activity or a reduction in adipocyte turnover ([Fig 2A](#pone.0152129.g002){ref-type="fig"}).

![Exercise Inhibits Adipose Progenitor Proliferation and Differentiation.\
(A) Fluorescent microscopy of inguinal (IWAT) and perigonadal (PGWAT) white adipose depots after two months of indicated treatment. Two-second exposure used in order to visualize GFP in groups that received Dox (+Dox). (B) Percentage of GFP-positive (GFP+) cells in the subcutaneous stromal vascular fraction (SVF) of mice two months after indicated treatments (Sed: sedentary, Ex: exercise). (C) Percentage of GFP+ cells that are BrdU-positive (BrdU+) in the subcutaneous SVF of mice two months after indicated treatments. BrdU was given in the drinking water for two days prior to analysis. (D) Percentage of GFP+ nuclei in adipocyte fraction isolated from subcutaneous fat depots two months after indicated treatment. (E) Oil Red O staining of SVF from subcutaneous fat plated two months after indicated treatment. Cells were plated to confluency and stained four days post insulin induction. Representative studies on P120 males; n ≥ 12 per cohort, repeated ≥ 3 cohorts. Error bars indicate SEM. Statistical significance assessed by two-tailed Student's t-test. \*p\<0.05, \*\*p\<0.01.](pone.0152129.g002){#pone.0152129.g002}

To determine the effect of exercise on adipose progenitors, we isolated the progenitor-containing SVF from all four groups, and subjected the cells to flow cytometry for GFP. Surprisingly, this analysis revealed a similar reduction of GFP+ cells in both sedentary and exercise dox-treated samples ([Fig 2B](#pone.0152129.g002){ref-type="fig"}). While GFP levels in the SVF were not different, we did detect a reduction in proliferation, as assessed by BrdU incorporation, of the GFP+ progenitor pool during the exercise regimen ([Fig 2C](#pone.0152129.g002){ref-type="fig"}). This discrepancy is most likely secondary to the cellular dynamics of the AdipoTrak-GFP system, which produces GFP-negative (GFP-) cells from multiple rounds of division of GFP+ cells, as well as new GFP+ cells from those initial rounds of division, although at a lesser intensity ([S1 Fig](#pone.0152129.s001){ref-type="supplementary-material"}). In a stable population (i.e. exercise compared to sedentary), decreased proliferation will produce less GFP- cells but also less new, lower-intensity, GFP+ cells. Therefore, decreased proliferation in the AdipoTrak-GFP system may not produce noticeable changes in the total number of GFP+ cells compared to control as production of both new GFP+ and GFP- cells are decreased.

The increased GFP intensity noted in adipose depots of the Ex+Dox mice compared to Sed+Dox ([Fig 2A](#pone.0152129.g002){ref-type="fig"}) could be due to reduced adipocyte turnover that necessitates fewer new cells in a time of increased energy expenditure. To test this, we analyzed the turnover of mature adipocytes during exercise and the ability for progenitor cells to differentiate in culture. Adipocytes from Ex+Dox mice exhibited a higher percentage of GFP+ nuclei compared to Sed+Dox mice suggesting a decrease in adipocyte production/turnover ([Fig 2D](#pone.0152129.g002){ref-type="fig"}). To examine differentiation, we removed the SVF from exercised and sedentary subcutaneous fat depots and induced them to undergo adipogenesis *in vitro*. Oil Red O analysis indicated that the SVF from sedentary mice differentiated more efficiently compared to SVF from exercised mice supporting *in vivo* adipocyte turnover data ([Fig 2E](#pone.0152129.g002){ref-type="fig"}). Taken together, the data support the possibility that exercise decreases adipose progenitor proliferation and differentiation.

Adipose Progenitors Respond to Skeletal Muscle {#sec016}
----------------------------------------------

Multiple organ systems alter their physiological properties in response to endurance exercise. One prominent tissue that is regulated by exercise is skeletal muscle, where training leads to a switch in the contractile proteins and metabolic properties in the myofibers \[[@pone.0152129.ref017]--[@pone.0152129.ref020]\]. For example, there is a fast to slow myofiber conversion observed with endurance exercise, characterized by an increase in slow myosin content in muscle fibers and a concomitant decrease in fast myosin \[[@pone.0152129.ref017]--[@pone.0152129.ref020]\]. To investigate the possibility that the shift to slow muscle fibers after endurance training might contribute to the observed adipose progenitor phenotype, we utilized two genetic mouse models that harbor predominantly slow muscle fibers. The first model expresses miR-499 under the control of a muscle creatine kinase (MCK) promoter (miR-499 Tg) \[[@pone.0152129.ref023]\]. The second genetic exercise model harbors a conditional Sox6 allele, *Sox6*^*fl/fl*^, and a muscle-specific MCK-Cre allele, which results in loss of Sox6 in muscle fibers (Sox6 mKO) \[[@pone.0152129.ref022]\]. We first analyzed these slow fiber mice for adipose or metabolic phenotypes on normal chow. Body fat percentage, adipose depot weights, glucose tolerance, and energy utilization were unchanged compared to controls in both genetic exercise cohorts ([S4A--S4D](#pone.0152129.s004){ref-type="supplementary-material"} and [S5A--S5C](#pone.0152129.s005){ref-type="supplementary-material"} Figs). These data indicate that the slow fiber mutant mice are metabolically normal at baseline.

We next evaluated the properties of adipose progenitors in both miR-499 Tg and Sox6 mKO mice. We administered BrdU and examined the SVF to determine whether the exercise-induced changes in adipose progenitor cells might also be present in mice with more type I (slow) myofibers. Consistent with that notion, we found significantly lower BrdU levels in both miR-499 Tg and Sox6 mKO mice compared to controls, showing reduced proliferation potential of SVF from subcutaneous fat pads ([Fig 3A and 3B](#pone.0152129.g003){ref-type="fig"}). To test differentiation potential, we isolated subcutaneous SVF from both types of slow fiber mice and control siblings and cultured them in adipogenic conditions. The SVF from both miR-499 Tg and Sox6 mKO displayed inhibited differentiation compared to controls, based upon Oil Red O staining and qPCR analyses of adipogenic gene expression ([Fig 3C--3F](#pone.0152129.g003){ref-type="fig"}). Taken together, our data support the hypothesis that the models of slow skeletal muscle result in an altered adipose progenitor compartment, similar to what was noted in our AdipoTrak-exercise model ([Fig 2C and 2E](#pone.0152129.g002){ref-type="fig"}).

![Decreased Proliferation and Adipogenic Gene Profile of Stromal Vascular Fraction in Mice with Slow Muscle Fiber-Type Predominance.\
(A) Percentage of BrdU-positive (BrdU+) cells within total stromal vascular fraction (SVF) of wild-type (Wt) and miR-499 Tg subcutaneous depots. BrdU was given as a two-hour pulse injected intraperitoneally (IP). (B) Percentage of BrdU+ cells within total SVF of Wt and Sox6 mKO subcutaneous depots. BrdU was given as a two-hour pulse injected IP. (C) Oil Red O staining of plated subcutaneous SVF after four days of insulin induction of both Wt and mir-499 Tg mice. (D) qPCR of adipogenic markers from adipogenically-induced SV cells isolated from subcutaneous adipose depots from Wt and mir-499 Tg mice. (E) Oil Red O staining of plated subcutaneous SVF after four days of insulin induction of both Wt and Sox6 mKO mice. (F) qPCR of adipogenic markers from adipogenically-induced SVF isolated from subcutaneous adipose depots from Wt and Sox6 mKO mice. Representative studies on P60 females; n ≥ 8 per cohort, repeated ≥ 3 cohorts. Error bars indicate SEM. Statistical significance assessed by two-tailed Student's t-test. \*p\<0.05, \*\*p\<0.01.](pone.0152129.g003){#pone.0152129.g003}

Slow Fibers Reduce Adiposity during HFD Feeding {#sec017}
-----------------------------------------------

To investigate whether the observed changes in adipose progenitor cells might have physiological consequences, we fed miR-499 Tg and Sox6 mKO mice HFD for two months. We turned to this provocative challenge, which stimulates proliferation and differentiation, as it might elicit a metabolically relevant phenotype in the type I fiber mice. Consistent with that notion, we found that miR-499 Tg mice exhibited less weight gain while receiving HFD ([Fig 4A](#pone.0152129.g004){ref-type="fig"}). The inguinal (IWAT) depot size was smaller in miR-499 Tg mice compared to Wt controls ([Fig 4B and 4C](#pone.0152129.g004){ref-type="fig"}). We observed similar results with HFD-fed Sox6 mKO mice ([Fig 4D--4F](#pone.0152129.g004){ref-type="fig"}), which are consistent with observations in other genetically-modified mice that contain more slow myofibers \[[@pone.0152129.ref038], [@pone.0152129.ref039]\].

![Slow Fiber Mutant Mice Are Resistant to Diet-Induced Weight Gain.\
(A) Weekly weight change during high fat diet (HFD) feeding of wild-type (Wt) and miR-499 Tg female mice. (B and C) Inguinal (IWAT) fat pads were removed from Wt and miR-499 Tg female mice after 5 weeks of HFD. Representative explants of IWAT are shown in (B) with total weights of IWAT shown in (C). (D) Weekly weight change during HFD feeding of Wt and Sox6 mKO male mice. (E and F) Inguinal (IWAT) fat pads were removed from Wt and Sox6 mKO male mice after 8 weeks of HFD. Representative explants of IWAT are shown in (E) with total weights of IWAT shown in (F). (G and H) Percentage of BrdU-positive (BrdU+) adipocyte nuclei obtained from subcutaneous fat depots of Wt mice compared to female miR-499 Tg (G) and male Sox6 mKO mice (H). BrdU given during last week of HFD treatment in drinking water. Representative studies on P100-120 mice; n ≥ 8 per cohort, repeated ≥ 3 cohorts. Error bars indicate SEM. Statistical significance assessed by two-tailed Student's t-test. \*p\<0.05, \*\*p\<0.01.](pone.0152129.g004){#pone.0152129.g004}

Our data suggest that adipose progenitors in slow fiber mice are recruited to mature adipocytes at a lower frequency compared to Wt mice; there is decreased subcutaneous adipose depot size after HFD ([Fig 4C and 4F](#pone.0152129.g004){ref-type="fig"}) and there appeared to be blunted *in vitro* differentiation of SVF isolated from subcutaneous depots ([Fig 3C--3F](#pone.0152129.g003){ref-type="fig"}). To attempt to extend the cell culture findings to intact animals, we administered BrdU to miR-499 Tg and Sox6 mKO mice during the final week of the HFD regimen. In this experimental design, BrdU incorporates into cycling adipose progenitors, and detection of BrdU in the floated adipocyte compartment indicates differentiation of the progenitor into mature adipocytes. To evaluate the level of BrdU in adipocytes, we isolated adipocyte nuclei and quantitated BrdU using flow cytometry \[[@pone.0152129.ref014], [@pone.0152129.ref028]\]. We found that miR-499 Tg and Sox6 mKO adipocyte nuclei had a significant decrease in BrdU incorporation ([Fig 4G and 4H](#pone.0152129.g004){ref-type="fig"}). These data indicate that mice with more type I (slow) skeletal muscle are protected from HFD-induced weight gain potentially due to decreased adipogenic potential of adipose progenitors.

Muscle Conditioned Media Reduces SVF Proliferation and Differentiation {#sec018}
----------------------------------------------------------------------

To assess whether the exercise and type I (slow) fiber models might mediate the observed adipose progenitor phenotypes via secreted humoral factors, we turned to *in vitro* systems. For this, we used conditioned media from C2C12 proliferating myoblasts and media from C2C12 myotubes, the latter is a model of terminally-differentiated muscle, to treat the widely used 3T3-L1 adipogenic cell line. We assessed the proliferative and differentiation response of 3T3-L1 cells after exposure to conditioned media from muscle cells. Compared to control and myoblast conditioned media, myotube conditioned media significantly reduced the differentiation potential of 3T3-L1 cells as assessed by Oil-Red-O staining ([Fig 5A](#pone.0152129.g005){ref-type="fig"}). qPCR analyses also revealed a reduction of adipogenic gene expression after exposure to myotube-conditioned media ([Fig 5B](#pone.0152129.g005){ref-type="fig"}). To evaluate proliferation of 3T3-L1 cells after treatment with muscle conditioned media, we incubated the cells with BrdU for 12 hours during the expansion phase (clonal expansion) of adipogenic differentiation. Myotube conditioned media also reduced proliferation of 3T3-L1 cells, suggesting the presence of factors from muscle that alter both adipose progenitor proliferation and differentiation ([Fig 5C](#pone.0152129.g005){ref-type="fig"}).

![Conditioned Media From Mature Muscle Inhibits Adipogenesis.\
(A) Oil Red O staining of 3T3-L1 cells after four days of adipogenic induction using control media (2%HS, control), conditioned media from uninduced C2C12 cells (myoblast CM) or conditioned media from induced, mature C2C12 cells (myotube CM), all supplemented with insulin. C2C12 cells were grown in 2% HS. HS: horse serum, CM: conditioned media. (B) Expression of adipogenic markers from 3T3-L1 cells by qPCR after four days of adipogenic induction using control, myoblast CM or myotube CM. (C) Percentage of BrdU-positive (BrdU+) 3T3-L1 cells incubated in control, myoblast CM or myotube CM for 12 hours during clonal expansion. (D) Expression of adipogenic markers from stromal vascular fraction (SVF) of subcutaneous fat by qPCR after four days of adipogenic induction using conditioned media from wild-type (Wt) or Sox6 mKO gastrocnemius muscle with supplemented insulin. n ≥ 6 per cohort, repeated ≥ 3 cohorts. Error bars indicate SEM. Statistical significance assessed by two-tailed Student's t-test. \*p\<0.05, \*\*p\<0.01, \*\*\*p\<0.001.](pone.0152129.g005){#pone.0152129.g005}

We next evaluated the hypothesis that type I muscle fibers exert a greater effect on SVF differentiation potential compared to wild-type skeletal muscle. Here, we dissected muscles from wild-type or Sox6 mKO mice, explanted these muscles in matrigel, and incubated them in standard cell culture media. Conditioned media from these explants were then incubated with SVF from wild-type mice, which were then adipogenically-differentiated and analyzed by qPCR for adipogenic gene expression. Conditioned media from Sox6 mKO mice decreased adipocyte gene expression during SVF differentiation ([Fig 5D](#pone.0152129.g005){ref-type="fig"}). Together these data are consistent with a model in which skeletal muscle regulates adipose progenitor function through secreted factors.

R-spondin 3 Reduces Adipogenesis *In Vitro* {#sec019}
-------------------------------------------

To attempt to identify factors from skeletal muscle that might underlie communication between skeletal muscle and adipose tissue, we interrogated microarray data from both miR-499 Tg and Sox6 mKO muscles \[[@pone.0152129.ref022]\]. We sorted this list of genes for those that contain a signal peptide, an indication of secretion in the absence of transmembrane domains. This analysis resulted in 12 genes encoding potentially secreted proteins that were upregulated in both slow fiber models ([S1 Table](#pone.0152129.s006){ref-type="supplementary-material"}). From this list we focused on two factors, Fndc5, also known as irisin, and R-spondin 3 (Rspo3). We chose Fndc5 because of its identified role as an exercise-induced factor that causes a browning of white adipose tissue \[[@pone.0152129.ref040]\]. Rspo3 was also an attractive candidate because it exhibits Wnt-activating properties \[[@pone.0152129.ref041]\], a pathway known to decrease adipogenesis \[[@pone.0152129.ref029], [@pone.0152129.ref042]\]. To test whether Fndc5 or Rspo3 regulates the adipogenic potential of the adipose progenitor compartment, we generated conditioned media with increased expression of Fndc5 or Rspo3 by transfecting Cos cells with empty vector or plasmids that express either Fndc5 or Rspo3. We collected conditioned media (CM) and added that to cultured SVF cells isolated from wild-type adipose depots. Although Fndc5 CM did not alter SVF adipogenesis, Rspo3-conditioned media significantly reduced adipogenesis, based upon Oil Red O staining and adipocyte gene expression ([Fig 6A and 6B](#pone.0152129.g006){ref-type="fig"}). However, Rspo3 did not affect SVF proliferation suggesting that Rspo3 specifically functions to inhibit differentiation ([Fig 6C](#pone.0152129.g006){ref-type="fig"}). We then incubated various concentrations of recombinant Rspo3 on SVF, assessed differentiation by qPCR, and discovered a robust anti-adipogenic activity for Rspo3 at 200μg/μL ([Fig 6D](#pone.0152129.g006){ref-type="fig"}).

![Rspo3 Inhibits Adipogenesis, But Not Proliferation, of Stromal Vascular Cells.\
(A) Oil Red O staining of stromal vascular fraction (SVF) cells after four days of adipogenic induction using control media (10% FBS with empty vector, empty CM), 10% FBS conditioned with Fndc5 (Fndc5 CM) or 10% FBS conditioned with Rspo3 (Rspo3 CM), all supplemented with insulin. CM: conditioned media. (B) qPCR of adipogenic markers from SVF of subcutaneous fat after four days of adipogenic induction using empty CM or Rspo3 CM. (C) Percentage of BrdU-positive (BrdU+) cells in SVF cells incubated in empty CM or Rspo3 CM for 12 hours. (D) qPCR of adipogenic markers from SVF of subcutaneous fat after four days of adipogenic induction using 10% FBS or 10% FBS conditioned with either 20μg/μL or 200μg/μL of recombinant Rspo3 protein. n ≥ 6 per cohort, repeated ≥ 3 cohorts. Error bars indicate SEM. Statistical significance assessed by two-tailed Student's t-test. \*p\<0.05.](pone.0152129.g006){#pone.0152129.g006}

Discussion {#sec020}
==========

Exercise is a robust method to decrease fat mass and improve metabolic health. While effects of exercise on adiposity have been studied for decades \[[@pone.0152129.ref001], [@pone.0152129.ref006]--[@pone.0152129.ref008]\], whether or how exercise alters adipose progenitor cells remains incompletely understood. We reasoned that during periods of muscle contraction, when circulating nutrients are being provided by mature adipocytes, not stored by them, there would be no need for newly formed adipocytes and thus adipose progenitors may become quiescent. We used the previously described AdipoTrak-GFP system \[[@pone.0152129.ref014], [@pone.0152129.ref028], [@pone.0152129.ref029]\] to measure adipocyte differentiation and adipose progenitor proliferation after two months of wheel running. Strikingly, *in vivo* and *in vitro* adipogenesis, as well as *in vivo* progenitor proliferation, were all suppressed after endurance exercise.

Voluntary wheel running is not the only form of endurance exercise as multiple other techniques, including forced treadmill running, are also commonly employed. All of these forms of endurance exercise have similar effects on adipose tissue including decreased adiposity, decreased adipose tissue inflammation and altered adipocyte gene expression \[[@pone.0152129.ref009], [@pone.0152129.ref043]--[@pone.0152129.ref046]\]; glucose homeostasis appears to be improved more with voluntary wheel running when compared to forced treadmill running \[[@pone.0152129.ref043], [@pone.0152129.ref047], [@pone.0152129.ref048]\]. Further studies will need to investigate the effects different types of endurance exercise will have on the adipose progenitor population. Of note, it has been shown that treadmill running decreases adipogenesis in the stromal vascular fraction *in vitro* \[[@pone.0152129.ref016]\] and suggests decreased adipocyte turnover with reduced apoptosis of mature adipocytes compared to controls \[[@pone.0152129.ref046]\].

Since understanding the basis of mechanistic control of adipose progenitor function has basic and clinical ramifications, we examined other tissues that are altered by exercise and that could act on adipose in a non-autonomous manner. The endocrine response to exercise has been well studied and has shown alterations in the secretion of and response to many hormones known to affect adiposity, including thyroid hormone, growth hormone and insulin \[[@pone.0152129.ref043], [@pone.0152129.ref049]--[@pone.0152129.ref051]\]. One of the other main changes that occur with endurance exercise is a shift from type II (fast) to type I (slow) muscle fibers \[[@pone.0152129.ref018]--[@pone.0152129.ref020]\]. As muscle is an endocrine organ \[[@pone.0152129.ref021]\], we focused our investigation on this fiber-type switch.

To examine the effect of type I (slow) fibers on adiposity, we utilized two mouse strains (miR-499 Tg and Sox6 mKO) that have predominantly slow muscle fibers \[[@pone.0152129.ref022], [@pone.0152129.ref023]\]. Thus, we were able to focus on the muscle fiber-type switch that occurs with endurance exercise without the physical stress and other sequelae that occur during exercise itself. Although both strains showed normal metabolic phenotypes on a normal chow diet, total SVF cells showed decreased proliferation, while plated SVF displayed decreased adipogenesis. To see if these changes may alter responses of adipose tissue, we placed the slow fiber mutant mice on a high fat diet to provoke adipose tissue hypertrophy and hyperplasia. We found reduced weight gain and decreased subcutaneous depot size in our mutant models, similar to previous studies of other slow fiber models \[[@pone.0152129.ref038], [@pone.0152129.ref039]\].

These data suggest that type I (slow) skeletal muscle may regulate adipose progenitor function. To explore this notion, we exploited *in vitro* studies to examine a communicative link between muscle and adipose progenitors. In these assays we found that conditioned media from C2C12 myotubes, but not C2C12 myoblasts, suppressed both 3T3-L1 proliferation and adipogenesis. This was further supported by *ex vivo* assays in which wild-type SVF cells were cultured in conditioned media from explanted muscle tissue from either slow fiber mice or controls. In these experiments, the slow fiber mutant conditioned media repressed adipogenic gene expression when compared to wild-type conditioned media.

Multiple secreted factors have been identified from myocytes \[[@pone.0152129.ref021]\]; however, type I (slow) muscle fibers have not been the sole source of such searches. In our microarrays, we identified Rspo3 as a possible candidate to act on adipose progenitor cells: it is highly expressed in slow fiber myocytes, is secreted, and has Wnt-activating function \[[@pone.0152129.ref041]\], which has been shown previously to block adipogenesis \[[@pone.0152129.ref029], [@pone.0152129.ref042]\]. Rspo3, in a dose-dependent manner, reduced the expression of adipogenic gene in cell culture differentiation assays. While Rspo3 reduces adipogenesis *in vitro*, future work will require investigation of this possible signaling axis *in vivo*.

In summary, this work characterizes the response of adipose progenitor cells to HFD, exercise, and skeletal muscle. We provide evidence that exercise regulates the proliferation and differentiation potential of these cells. Further, our data support the notion that skeletal muscle can modify adipose progenitor activity, via secreted factors, which ultimately could lead to the development of novel treatment strategies for obesity and metabolic syndrome.

Supporting Information {#sec021}
======================

###### Design of AdipoTrak Experiments.

In the AdipoTrak mice, H2B-GFP expression is controlled by doxycycline (dox). In the absence of dox, H2B-GFP is similarly expressed in all adipose progenitor cells, regardless of stimulus (top row). Once dox is added to the system, H2B-GFP production is inhibited, with remaining H2B-GFP found within chromatin. H2B is a stable histone not broken down during mitosis. Therefore, division of adipose progenitors produces cells with decreased GFP intensity, as H2B-GFP is split between daughter cells. This allows us to investigate the proliferative capacity of the progenitor cells with or without stimulus through dox, since less GFP equates to increased proliferation (bottom row).

(TIF)

###### 

Click here for additional data file.

###### Increased Adipose Mass in Mice on High Fat Diet.

\(A\) Body fat percentage of mice on indicated treatment (NC: normal chow, HFD: high fat diet), either with dox (+Dox) or without dox. (B) (Left) Adipose depot weights of mice on indicated treatment (IWAT: inguinal white adipose tissue, ISCW: interscapular white adipose tissue, PGWAT: perigonadal white adipose tissue). (Right) Spleen weight of mice on indicated treatment. Representative studies on P120 males; n ≥ 16 per cohort, repeated ≥ 3 cohorts. Error bars indicate SEM. Statistical significance assessed by two-tailed Student's t-test. \*p\<0.05, \*\*p\<0.01, \*\*\*p\<0.001.

(TIF)

###### 

Click here for additional data file.

###### Decreased Adipose Mass in Mice on High Fat Diet.

\(A\) Body fat percentage of mice on indicated treatment (Sed: sedentary, Ex: exercise), either with dox (+Dox) or without dox. (B) (Left) Adipose depot weights of mice on indicated treatment (IWAT: inguinal white adipose tissue, ISCW: interscapular white adipose tissue, PGWAT: perigonadal white adipose tissue). (Right) Spleen weight of mice on indicated treatment. (C) Rate of wheel revolutions (cycles/min) of indicated mice on running wheel. Representative studies on P120 males; n ≥ 16 per cohort, repeated ≥ 3 cohorts. Error bars indicate SEM. Statistical significance assessed by two-tailed Student's t-test. \*p\<0.05, \*\*p\<0.01, \*\*\*p\<0.001.

(TIF)

###### 

Click here for additional data file.

###### Slow Fiber Mutant Mice Maintain Normal Adipose Mass at Baseline.

(A and B) Weight of inguinal fat depot (A) and total body fat content (B) of wild-type (Wt) and mir-499 Tg mice. (C and D) Weight of inguinal fat depot (C) and total body fat content (D) of Wt and Sox6 mKO mice. Representative studies on P60 females; n ≥ 8 per cohort, repeated ≥ 3 cohorts. Error bars indicate SEM.

(TIF)

###### 

Click here for additional data file.

###### Slow Fiber Mutant Mice Maintain Normal Blood Glucose Levels and Normal Oxygen Consumption Rates at Baseline.

\(A\) Glucose tolerance test (GTT) of wild-type (Wt) and mir-499 Tg mice. (B) GTT of Wt and Sox6 mKO mice. (C) Oxygen consumption (VO~2~) of Wt and Sox6 mKO mice over a 24-hour period. Representative studies on P60 females; n ≥ 8 per cohort, repeated ≥ 3 cohorts. Error bars indicate SEM. Statistical significance assessed by two-tailed Student's t-test.

(TIF)

###### 

Click here for additional data file.

###### Genes Upregulated in Slow Fiber Mutant Mice That Encode Signal Peptides.

Microarray analysis was performed on both mir-499 Tg and Sox6 mKO skeletal muscle compared to wild-type. Genes encoding a signal peptide with a greater than 2-fold expression in either mutant strain are shown.

(TIF)

###### 

Click here for additional data file.

We would like to thank Eric Olson, Joel Elmquist and Luis Parada for generously providing reagents, instruments and thoughtful discussion, Shawna Kennedy, Ashley Stephenson and Gaile Vitug for their excellent technical support and members of the Graff and Olson labs for invaluable insights and suggestions. We thank the UT Southwestern Mouse Metabolic Phenotyping Core (MMPC).

[^1]: **Competing Interests:**The authors have declared that no competing interests exist.

[^2]: Conceived and designed the experiments: DZ DPM JS JMG. Performed the experiments: DZ DPM JS. Analyzed the data: DZ DPM JS JMG. Contributed reagents/materials/analysis tools: DZ DPM JS. Wrote the paper: DZ DPM JMG.

[^3]: Current address: Department of Pediatrics, The Icahn School of Medicine, New York, New York, United States of America

[^4]: Current address: Department of Pediatrics, Division of Molecular Cardiovascular Biology, University of Cincinnati, Cincinnati, Ohio, United States of America

[^5]: Current address: Department of Biology, Rogers State University, Claremore, Oklahoma, United States of America
